Objective: The aim of our study was to examine whether the findings from previous research, indicating the role of short-term memory as a mediator of the relationship between motor coordination and academic achievement in adolescents, is also evident in a younger child population. Results: The results found support for the hypothesis that short-term memory fully mediates the relationship between psychomotor ability and reading and mathematics achievement. Conclusion: These findings indicate the significant affect of psychomotor ability on learning outcomes and consequently the need to assess these in considering learning difficulties, and as such these findings also advance understanding of developmental neural mechanisms underpinning the relationships.
Houwen, Smith, & Visscher, 2011) ; and early motor coordination and later achievement in reading and math (Kurdek & Sinclair, 2001; McPhillips & Jordan-Black, 2007; Piek, Dawson, Smith, & Gasson, 2008; Son & Miesals, 2006; Viholainen, Ahonen, Lyytinen, Cantell, & Lyytinen, 2006) . Such findings suggest that psychomotor ability is more critical for identifying children at risk for academic underachievement than currently acknowledged (Son & Miesals, 2006; Williams & Holley, 2013) . However, these conclusions need to be interpreted cautiously given the lack of reported effect sizes. Further, the challenge for researchers is to explain the link between psychomotor ability and learning outcomes.
Most of the work explaining the link between psychomotor ability and learning followed the pioneering efforts of Piaget whose theory of cognitive development (Piaget, 1936 (Piaget, , 1963 was the first to propose that motor developmental stages are necessary for cognitive development. Later, Kephart (1968) developed a theory of perceptual motor development which was one of the first theories to incorporate neurological networks, noting that higher order thought processes can only be as efficient as the basic motor abilities on which they were based.
These early theories provided a pivot toward systems neuroscience explanations, most notably, Nicolson and colleagues (Fawcett, Nicolson, & Dean, 1996; Nicolson, Fawcett, & Dean, 1995 , 2001 ) who have proposed the cerebellar deficit hypothesis which implicates mild motor difficulties of cerebellar dysfunction with difficulties with automatization and subvocal rehearsal which in turn lead to verbal short-term memory difficulties. This is an important theoretical development because it has direct implications for learning. For example, difficulties in automation of skills and production of inner speech (subvocalization) which result from cerebellar dysfunction lead to deficits in automating word recognition processes, and in phonological awareness leading to reading difficulties (Nicolson et al., 2001; Ramus, Pidgeoin, & Frith, 2003) . This theory was later extended to the procedural deficit hypothesis (Ullman, 2001 (Ullman, , 2004 which included not only deficits in the cerebellum but an underlying domain-general dysfunction of the procedural memory system.
Empirical evidence has provided some support for the theory of a link between psychomotor ability and cognitive abilities. Longitudinal studies have provided some support for an association of early gross motor development and later development such as school aged working memory ability (Piek et al., 2008) , executive functions (which includes working memory) (Murray et al., 2006) and cognitive performance (Burns, O'Callaghan, & Rogers, 2004) . Correlational studies have linked psychomotor skills to complex cognitions (Dewey et al., 2002; Roebers & Kauer, 2009) , working memory (Alloway & Temple, 2007; Piek et al., 2004 ), short-term memory (Dwyer & McKenzie, 1994; Nicolson et al., 2001 ) and executive functions (Dewey et al., 2002; Michel, Roethlisberger, Neunschwander, & Roebers, 2011 ). However, current research is limited because of lack of replication, and small sample sizes.
In recognition of a possible link between psychomotor abilities, short-term memory and learning outcomes Alloway (2007b) grouped a sample of children diagnosed with Developmental Co-ordination Disorder (DCD) based on high and low memory ability scores and found the low visuospatial memory ability group performed significantly worse on literacy and numeracy compared to the high visuospatial memory ability group. The results were consistent after controlling for crystallized intelligence and fluid intelligence which involved a nonverbal IQ task and a motor component, indicating that the relation between working memory and learning outcomes in children with DCD relies on the specific factor of short-term memory rather than general factors. There was no difference in academic performance between the high and low verbal memory ability groups.
In the only study to directly examine a mediational hypothesis between motor co-ordination, cognitions and learning outcomes Rigoli, Piek, Kane, and Oosterlaan (2012) , using structural equation modeling, showed that psychomotor ability, modeled as a manifest variable, in a small sample (n = 93) of adolescents from the normal population was strongly indirectly related to general academic achievement, fully mediated by working memory (modeled as a latent variable). Working memory in their model had a strong link with academic achievement (path estimate of 0.47). This result has important implications for educational intervention particularly given they were based on a normal sample rather than a clinical sample and therefore applicable to a school setting. We consider the result is theoretically important because it provides support for the theories indicating that psychomotor ability underlies cognitions which in turn affect learning.
The purpose of our study is to extend Rigoli and colleague's (2012) findings to establish whether the conclusions drawn on non-clinical adolescents generalizes to a normal child sample. We see this as important given that relationships between ability domains have extensively differed across age cohorts (Dyck, Piek, Kane, & Patrick, 2009 ). In the process of replicating Rigoli's study a number of issues are addressed.
First, none of the three psychomotor measures used in Rigoli and colleagues (2012) study correlated suggesting no single underlying latent variable to explain those measures. We therefore selected four different indicators of psychomotor abilities so as to further explore potential multi-factoriality in relation to psychomotor ability.
Second, in Rigoli's study the working memory latent variable included an updating task, which is a common measure found in neuropsychological assessment of executive function (Kane & Engle, 2002) . Given that executive functions are not well defined, and the dimensionality of executive functions is unclear and not included in the CHC model (Alvarez & Emory, 2006; Jewsbury, Bowden & Duff, 2016; Jurado & Rosselli, 2007) , in our study we have intentionally adopted short-term memory measures that are not confounded by executive functions (Kane & Engle, 2002) .
Third, in our study we have included known confounds, such as processing speed, which we consider important as it is unclear from the Rigoli and colleagues (2012) study as to whether the relationship between working memory and motor skills can be attributed to processing speed, which shares variance with working memory (Fry & Hale, 1996; Kail & Salthouse, 1994) . Verbal comprehension, a measure of crystallized intelligence was also included as a control variable in Rigoli et al's study and in our study. Additionally, other known confounds, which have not been included in previous studies are controlled, such as fluid intelligence (McGrew & Wendling, 2010) .
Fourth, in our study we have sought to address a major issue with Rigoli and colleague's (2012) study concerning the use of latent variables that combine subject areas. There are two problems with combining subject variables into a single latent variable. First, valuable information about one subject is missed because only the shared variance between the subjects is analyzed. Second, when subject areas are combined into a latent variable the shared variance, termed Ach-g is being examined. Ach-g is argued to be a statistical factor, a composite variable, rather than a substantive underlying variable which is highly correlated with the shared variance between cognitive variables (termed Cog-g) and therefore Ach-g may merely be general intelligence rather than "academic achievement" (Kaufman, Reynolds, Liu, Kaufman, & McGrew, 2012) . To deal with this issue our study includes separate latent variables for reading and mathematics achievement, thus appropriately allowing the exploration of whether the mediational processes differ for different subject areas.
Fifthly and finally, in our study we employed a bootstrapping procedure to test the mediating effect. Bootstrapping is a resampling procedure in which the researcher's data set is viewed as the population from which cases are randomly selected with replacement to generate other data sets. The same case can appear more than once in a created data set during the replacement process. If the 95% of confidence intervals of the mediation effect does not include zero, the mediation effect is considered to be significant at the .05 level. The advantage of using the bootstrapping technique is that by sampling with replacements, the bootstrapping procedure allows an examination of the average standard error and the confidence interval of virtually any test statistic to determine the replicability of the findings (Byrne, 2012) . The bootstrapping method therefore offered a chance in this study to view the data in different ways without collecting additional external data. It makes up in some way for not replicating the study and avoids the need to split the data or to use complicated internal calculation of pseudo values to determine replications. It allows the effective use of a more economical sample size. Bootstrapping is also considered the most powerful test of mediation, compared to other tests such as Baron and Kenny's causal steps approach or Sobel's first-order test (Thompson, 1994 (Thompson, , 1995 .
In this study we examined a mediational model of the relationship between psychomotor ability, short-term memory and reading achievement and mathematics achievement in children aged 8-12 from a normative sample whilst controlling for potentially confounding factors such as age, processing speed, crystallized intelligence and fluid intelligence. With it being reasonable to expect that the mediation relationships in Rigoli's study would be the same for children as for adolescents, it was hypothesized that:
• Psychomotor ability (measured by Finger Nose, Walking, Jumping and Balance) will not have a positive direct effect on reading achievement (measured by Word Identification and Passage Comprehension) (HI) and math achievement (measured by Calculation and Applied Problems) (H2).
• Psychomotor ability will have a positive effect on short-term memory (measured by Digit Recall and Numbers Reversed) through a direct path (H3).
• Short-term memory would have a positive direct effect on reading achievement (H4) and math achievement (H5).
• Psychomotor ability would have a positive effect on reading achievement (H6) and math achievement (H7) through an indirect path with short-term memory mediating these relationships.
Method

Participants
Participants were 133 volunteer primary-aged children drawn from a larger study, aged 8-12.5 years (M = 9.7), 29.3% 8 and 9, 33.1% 9 and 10, 19.6% 10 and 11, 15% 11 and 12, and 3% 12, 45.9% males, and 54.1% females; All resident in Victoria, Australia, 85% metropolitan and 15% rural, as defined by postal codes. The sample was drawn from Independent 20.3%, Catholic 39.1%, and Government schools 40.6%. To ensure that participants psychomotor scores are not affected by any general delayed development (Henderson & Barnett, 1998; Piek et al., 2004) , inclusion required all participants to score a general intelligence score (GIA) of greater than 80, as determined by the Woodcock Johnson Test of Cognitive Abilities (Woodcock, 1997) .
Measures
This study used a standardized neuropsychological, educational and cognitive assessment battery. The tests were chosen on the basis of: (a) ) to measure working memory (Numbers Reversed). Test-retest reliability is reported as 0.84 for children aged between 4.5 and 11.5 (Alloway, Gathercole, Kirkwood, & Elliott, 2008) . The Australian Woodcock-Johnson III tests of Achievement Battery (WJIII-Ach; ) was used to assess reading achievement (Letter-word Identification; Passage Comprehension) and mathematics achievement (Calculation; Applied Problems). The Australian WJIII-Ach has demonstrated test-retest reliabilities varying from 0.83 to 0.92 for the four subtests used in this study ) (Manual). The Australian WJIII-Ach also has well demonstrated content, construct, and criterion-related validity (McGrew & Wendling, 2010; ). The Australian Woodcock-Johnson III tests of Cognitive Abilities (WJIII-Cog; ) was used to assess General Intellectual Ability (GIA). The first seven tests were used to derive a GIA score to exclude any children whose difficulties might be attributed to general delayed development. Crystallized intelligence was measured using the Verbal Comprehension subtest and Fluid intelligence was measured using the Concept Formation subtest, which were used as control variables. The Australian WJIII-Cog has demonstrated testretest reliabilities varying from 0.89 to 0.94 for the subtests used in this study ). The Australian WJIII-Cog also has well demonstrated content, construct, and criterion-related validity (McGrew & Wendling, 2010; ).
Procedure
Participants were recruited from randomly selected schools, with letters sent home inviting participation in the project. Participants were individually tested by trained examiners (16 in total) using standardized instructions. Testing time was typically approximately 4 hr over four sessions, with no set order for administration, predominantly carried out at the participant's school. The neuropsychological, cognitive and educational assessments were conducted by graduate psychology students at Monash University who had training in administration and scoring of the battery under the supervision of an endorsed Educational and Developmental Psychologist.
Data Analysis
Structural equation modeling (SEM), with maximum likelihood estimation, was used to determine the degree to which short-term memory mediates the relationship between psychomotor ability and reading and mathematics achievement. The analysis was implemented through Amos (Arbuckle, 2010) . Although recommendations vary between authors for the sample size needed for SEM, sample sizes for simple mediation models such as those in this study are recommended to be between 100 and 150 (Hair, Black, Babin, Anderson, & Tatham, 2006) . Percentile bootstrap confidence intervals were used to examine mediation. If the 95% of confidence intervals of the mediation effect does not equal zero, the mediation effect is considered to be significant at the 0.05 level. Five hundred bootstrap samples were taken from the original sample with replacement based on the recommendation of between 500 and 1000 (Rucker, Preacher, Tormala, & Petty, 2011) .
Results
Missing data were handled using maximum likelihood estimation (ML) procedures within SPSS (IBM Corp, 2011). All variables had less than 5% missing values except Finger Nose which had 12% (16). The data satisfied the assumptions required for SEM of univariate normality (all scores had z-scores less than 3.3), bivariate normality (z-score for skewness and kurtosis were all less than 3.3), and multivariate normality (Mahalanobis distance [MD] of 29.59, assessed using p < .001, was less than the critical value) (Kline, 2010) . Table 1 provides the means, standard deviations, and ranges for the variables measuring psychomotor ability, short-term memory, reading achievement, mathematics achievement as well the control variables of age, crystallized intelligence, fluid intelligence, and processing speed .
Potential control variables included age, processing speed, crystallized intelligence and fluid intelligence. As shown in Table 2 , age was correlated with all variables (except Jumping) therefore it was retained as a control variable for all variables. As expected Visual Matching correlated with the subtests used to measure short-term memory, reading achievement and mathematics achievement (except Digit Recall) consequently it was retained as a control variable for the Numbers Reversed, Letter-Word Identification, Passage Comprehension, Applied Problems and Calculation subtests. Crystallized and Fluid intelligence correlated with all the measures of the dependent variables and was therefore retained as a control variable for the dependent variables. Each subtest score was statistically controlled for age, crystallized intelligence, fluid intelligence and processing speed where appropriate (as described earlier) by regression analysis and the unstandardized residual was used for the statistical analysis. As shown in Table 2 , the Jumping subtest (age controlled) did not correlate with any of the other subtests from the MAND and was therefore not considered as measuring the same underlying latent construct as the other MAND subtests, given that latent constructs necessarily correlate (Kline, 2010) . The Balance subtest failed to correlate with the Jumping and Finger Nose subtest. Therefore, the Jumping and Balance subtests could not appear in the same latent variable as the Finger Nose and Walking subtests. Further, the Finger Nose and Walking variables did not correlate with one another (Table 2) indicating they were not measuring the same latent construct and were therefore not considered in the structural model in our study. Further justifying the elimination of these two variables from the model, neither the Jumping nor Balance variables significantly correlated with the mediator variable (short-term memory) which is a correlational assumption underlying mediation analyses (Baron & Kenny, 1986) .
The controlled variables, as described previously, were entered into a measurement model, shown in Fig. 1 , which had a good fit to the data (χ 2 [14] = 15.60, p = .16, RMSEA = .03, CFI = .99, SRMR = .04) based on recommendations that: Chisquare (χ 2 ) is statistically insignificant at a 0.05 threshold (Barrett, 2007) , Root-Mean-Square-Error of Approximation (RMSEA) is less that 0.06 (Gignac, 2007; Hu & Bentler, 1999) , Comparative Fit Index (CFI) is greater than 0.9 (Gignac, 2007; Hu & Bentler, 1999) and the Standardized Root Mean Square (SRMR) is less than 0.08 (Hu & Bentler, 1993) . This model provides evidence that the measures are good indicators of the construct they are representing, as all load 0.6 or higher on the proposed latent factor structure (Fornell & Larcker, 1981) .
The moderate correlation between mathematics achievement and reading achievement (r = .53) justifies examining the two achievement variables separately. It is interesting that a measurement model with no controls indicates a high correlation between mathematics achievement and reading achievement (r = .81) and a measurement model with only age control also indicates a high correlation between psychomotor ability and reading achievement (r = .71). These results not only highlight the importance of using appropriate controls but also strengthens the argument that combining subject areas into one latent construct is flawed. Fig. 1 . Measurement model. Gsm = short-term memory. Gp = psychomotor ability. Grw = reading achievement. Gq = mathematics achievement.
Pearson's correlations (controlling for age, crystallized intelligence, fluid intelligence and processing speed as described previously) were input into AMOS for structural equation modeling. The model provided an excellent fit to the data (χ 2 [15] = 20.3, p = .16, RMSEA = 0.05, CFI = 0.97, SRMR = 0.05), using the recommendations described earlier. The parameter estimates, standard errors and 95% bootstrapped confidence intervals are given in Table 3 and graphically presented in Fig. 2 . Mediation analysis results are also provided in Table 3 , including the parameter estimates, standard errors and 95% confidence intervals for the direct and indirect effects on reading achievement and math achievement.
The size of the standardized direct effect between psychomotor ability and reading achievement and psychomotor ability and math achievement (Path 1 and Path 2, respectively; Table 3 ) was not statistically significant, supporting the prediction that there would be no main effect between psychomotor ability and reading achievement or psychomotor ability and mathematics achievement (H1 and H2, respectively) . The size of the standardized direct effect between psychomotor ability and short-term memory (Path 3; Table 3 ) was statistically significant supporting the prediction that psychomotor ability would be positively directly related to short-term memory (H3). The size of the standardized direct effect between short-term memory and reading achievement and short-term memory and mathematics achievement (Path 4 and Path 5, respectively; Table 3 ) Notes: Gp = psychomotor ability. Gsm = short-term memory. Grw = reading achievement. Gq = mathematics achievement. SE = standard error. CI = confidence interval. → = regression path. *significant at the 95% confidence interval (bootstrapped). was statistically significant, supporting the predication that short-term memory is positively related to reading achievement and mathematics achievement (H4 and H5, respectively). The size of the standardized indirect effect on reading achievement (Path 1; Table 3 ) was found to be statistically significant, supporting the prediction that psychomotor ability leads to higher reading achievement through the mechanism of shortterm memory (H6). The insignificant results of the direct effect between psychomotor ability and reading achievement (Path 1; Table 3 ) support a full mediation.
The size of the standardized indirect effect on mathematics achievement (Path 2; Table 3 ) was also found to be statistically significant, supporting the prediction that psychomotor ability leads to higher mathematics achievement through the mechanism of short-term memory (H7). The insignificant results of the direct effect between psychomotor ability and mathematics achievement (Path 2; Table 3 ) support a full mediation.
The insignificant direct paths between psychomotor ability and reading achievement and between psychomotor ability and mathematics achievement were not eliminated, as recommended by Lau and Cheung (2012) who advise that insignificant paths should not be eliminated and models shouldn't be recalculate, because it alters the path coefficients in the model.
The squared multiple correlations (R 2 ) show that 50% of the variance in reading achievement and 23% of the variance in mathematics achievement was explained by the structural model.
There is a plausible alternative model in which psychomotor ability mediates the affect of Gsm on reading and mathematics achievement. The previous analysis, however, indicated that the direct pathway from psychomotor ability to reading achievement and psychomotor ability to mathematics achievement is non-significant and therefore the alternate model is not viable for the sample population.
Discussion
The aim of our study was to extend Rigoli and colleague's (2012) study to determine if the conclusions drawn from their study about the relationship between Gp and academic achievement in adolescents were also evident in children. The results confirmed that proposition: After controlling for age, processing speed, crystallized intelligence and fluid intelligence, shortterm verbal memory fully mediated the relationship between psychomotor ability and reading achievement and math achievement in children. Further, these findings provide support for theories proposing the importance for psychomotor ability for cognitive development (Piaget, 1952; Kephart, 1975; Diamond, 2000; Fawcett, Nicolson, & Dean, 1996; Nicolson, Fawcett & Dean, 1995 , 2001 .
Firstly, as expected psychomotor ability (a latent variable of Finger nose and Walking) did not have a positive direct effect on reading achievement (measured by a latent variable including Word Identification and Passage Comprehension) (H1) or math achievement (measured by a latent variable including Calculation and Applied Problems) (H2). Although this result was consistent with Rigoli and colleague's (2012) study on adolescents, this finding was contradictory to a considerable body of research which has found a relationship between gross motor or psychomotor skills and reading achievement and math achievement (Kurdek & Sinclair, 2001; Pieters et al., 2012; Rooijen et al., 2012; Cantel et al., 1994; Dewey et al., 2002; Viholainen et al., 2006; Polatajko et al., 1991; Westendorp et al., 2011) . One possible reason for these contradictory results is that the relationship between psychomotor ability and learning may differ between the normal population and clinical populations, as much of the research that found a relationship involved clinical populations (Son & Meisals, 2006; Westendorp et al., 2011; Dewey et al., 2002; Viholainen et al., 2006) . Secondly, the inconsistency may be explained by differences in measures used in our study and previous studies, which make comparisons difficult. In our study two of the four psychomotor measures did not load on the psychomotor latent variable and therefore only two of the four psychomotor measures were considered for analysis. This lack of loading on the latent variable for the psychomotor measures was consistent with Rigoli's and colleague's (2012) study in which two of the three psychomotor variables were not considered in their analysis because the variables failed to correlate. The problem with psychomotor ability as a relatively broad construct is that it lacks the specificity required to make meaningful conclusions, and consequently caution should be made in interpreting and comparing results. This issue highlights the need to utilize narrower psychomotor abilities for future research. As a suggestion, the Walking measure of the MAND may fit within the narrow ability Gross Body Equilibrium, and Finger Nose measure may fit within the narrow ability of Manual Dexterity. Given these measures combined into a latent variable in our study, further exploration into these narrow abilities and their relationship to reading and mathematics abilities should contribute further to a fine grained understanding of these relationships.
Thirdly the discrepancy between our study and previous studies finding a direct relationship between psychomotor ability and learning may be explained by a mechanism whereby gross motor skills has an indirect affect on learning. It is possible that previous studies, by not including other cognitive abilities in their studies, have confounded their results. The direct effect in their studies can be reasonably attributed to other cognitive functions not included in their study, highlighting the need in future studies to include controls, such as working memory.
As expected, and consistent with Rigoli and colleague's (2012) study, psychomotor ability in our study had a positive direct effect on short-term memory (measured by a latent variable of Digit Recall and Numbers Reversed) (H3). This finding is consistent with previous studies which have found a relationship (small effect sizes) between motor skills and short term memory (Alloway & Temple, 2007; Piek et al., 2007; Alloway & Warner, 2008; Piek et al., 2004) .
The correlation between psychomotor ability and short term memory lends support to the theories that there may be some common brain structures between them and supports the theories that interactions between motor areas of the brain and other parts of the central nervous system may be more fundamentally inter-related than once thought (Diamond, 2000; Piek et al., 2006; Roebers & Kauer, 2009) .
As expected, and consistent with Rigoli and colleague's (2012) study, the hypothesis that short term memory would have a direct effect on reading achievement (H4) and mathematics achievement (H5) was supported. This is in line with extensive research from the past 20 years (McGrew & Wendling, 2010) .
As expected in our current study the hypotheses that psychomotor ability would have a positive effect on reading (H6) and math achievement (H7) was supported, albeit a small effect, through an indirect path with short-term memory mediating these relationships. The implication of this result is that a mechanism that explains the relationship between psychomotor ability and academic achievement that was determined in a sample of adolescents (Rigoli et al., 2012) can be extended to children. This result also provides indirect support for the theories that propose that motor ability and cognitive ability share neural pathways. This includes theories such as the cerebellar deficit hypothesis (Fawcett et al., 1996; Nicolson et al., 1995 Nicolson et al., , 2001 Nicolson & Fawcett, 1990) , and the procedural deficit hypothesis (Ullman, 2001 (Ullman, , 2004 . Further research is clearly warranted in exploring the relationships between psychomotor ability, short term memory and academic achievement.
Implications of the current results are that psychomotor abilities (Finger Nose and Walking specifically), appear to be important for learning. Deficits in psychomotor skills may indicate some degree of cerebellar dysfunction (Fawcett & Nicolson, 1999; Gabay, Schiff, & Vakil, 2012) and therefore may be an important indicator for screening for academic achievement problems. Future studies may benefit from including Finger Nose and Walking measures in a latent variable of psychomotor ability (Diamond, 2000) to further investigate this construct in relation to learning outcomes.
An important advance our study has made is that the analysis enabled controlling for a number of potential confounds, thereby allowing for a more fine grained detailed consideration of specific cognitive abilities mediating the relationship between psychomotor ability and learning. This study, by controlling for processing speed has shown that it is not the processing speed function (which was confounded in Rigoli et al's (2012) study) that psychomotor ability had a relationship with, it was the short-term memory component. This fine grained analysis contributes to refining the cerebellum hypothesis (Fawcett, et al., 1996; Nicolson et al., 2001) by showing that psychomotor ability and short-term memory (not confounded by processing speed) appear to have close neural connections. The results and implications from this study warrant further investigation.
Considerations for Future Research
Firstly, our study used a limited number of measures for a latent variable of reading and mathematics and therefore the results cannot be generalized to all aspects of literacy and numeracy. Reading fluency and math fluency for example, were not included in our study but could be considered in future studies. Further, the study did not include a measure of performance validity and therefore the degree of participant investment in the test outcome could not be determined.
Secondly, given the consistent results between Rigoli and colleague's (2012) study, and our study, further research is warranted that investigates the cerebellar deficit hypothesis or the procedural deficit hypothesis further. What maybe an interesting and fruitful area for further investigation is to include a measure of the degree of subject's sub-vocalization. By including this research approach, it would then be possible to determine if sub-vocalization is the mechanism by which psychomotor ability and short-term memory are related, as proposed by Nicolson and colleagues (2001) . This novel approach would provide a framework for understanding the involvement of the cerebellum in learning difficulties. More specifically, it would be possible to determine if motor difficulties caused by cerebellum dysfunction causes difficulties with sub-vocal rehearsal which leads to verbal short-term memory difficulties. This line of research could potentially advance current theory about neural connectivity.
Thirdly, future studies could investigate moderators of the relationship between psychomotor ability and learning, such as motivation, personality, family and school environments. Given the Structural Equation Model in our study only explains 50% of the variance in reading achievement and 23% of the variance in mathematics achievement, there is a significant proportion of variance not explained, showing a need to develop the model further. These moderators may negate the negative affect of deficits of the cerebellum. For example schools that advocate motor skill development may create opportunities for a child to engage in regular gross motor activities. Furthermore, certain personality styles may be more conducive to participating in physical activity, for example those who more readily take risks may be willing to try new motor experiences, or a child who is conscientious and motivated may persevere in motor activities that may appear challenging.
Fourthly, it may be fruitful to examine the mediation found in our study of normal children, in clinical populations (e.g., Developmental Coordination Disorder and Attention Deficit Hyperactive Disorder) and also in younger children where early intervention could be advantageous.
Fifthly, conclusions from our study should be interpreted cautiously given that there may not be enough variability within the sample of psychomotor ability to elucidate the relationships being examined. Future studies should consider using group comparisons of low and high psychomotor groups and high and low academic groups.
Finally, a question that may be of further interest is the question of whether psychomotor ability affects visual short-term memory and verbal short-term memory equally, as determining this is beyond our study. It is quite probable that the relationship between psychomotor abilities and short-term memory is specific to verbal short-term memory, particularly if the theory that this relationship can be explained by sub-vocalization (Keele & Ivry, 1990; Nicolson et al., 2001; Ramus et al., 2003) , which is a verbal activity. To elucidate this issue further we consider it important for future studies to separate visual and verbal short term memory measures. It may also be worth investigating whether visual and verbal short term memory measures equally affect learning outcomes as some studies for example have indicated that visual and verbal span tasks relate equally to reading difficulties (Rose, Feldman, & Jankowski, 2011) , others indicate that visual memory does not (Caravolas, Hulme & Snowling, 2001; Nation, Adams, Bowyer-Crane & Snowling, 1999) . Some studies have shown that verbal working memory skills are also important predictors of reading (Kurdek & Sinclair, 2001 ), mathematics (Bull & Scerif, 2001 ) and visuospatial short-term memory plays a role in mathematical skills, however findings are not unanimous (D'Amico & Guarnera, 2005; Alloway, 2007b; Bull, Johnston, & Roy, 1999) . Including separate latent variables of visual and verbal short-term memory should further assist in our understanding the relationships between psychomotor abilities, short-term memory and reading and math achievement.
Conclusion
Overall, the results of this study suggest that the mediational relationships obtained in Rigoli's study in adolescents can be generalized to children aged 8-12. The relationship between psychomotor ability and academic achievement can best be understood in terms of a mechanism whereby psychomotor ability, specifically motor abilities measured by Finger Nose and Walking on the MAND, has an indirect affect on math and reading achievement via short-term memory. These findings provide support for theories proposing the importance of psychomotor ability for cognitive development and the inclusion of psychomotor ability in the CHC taxonomy of abilities. These findings have important implications for the early assessment and treatment of children having difficulties with learning. Children with notable psychomotor difficulties such as those measured by the Finger Nose or Walking tests on the MAND, may be showing signs of a common underlying mechanism in the lateral cerebellum, which affects on learning. Strategies aimed at improving psychomotor abilities may prove useful in enhancing their short-term memory capacity and consequently their capacity to achieve in math and reading.
